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I.  INTRODUCTION 

This  report  discusses  the  application  of  the  Huggin's  Scanning  system  to  an 
electronically  scanned  antenna  receiving  array  which  will  then  be  considered 
as  a radiometer.  The  desired  performance  specifications  for  the  system  were 
furnished  by  R.  P.  Moore,  NWC,  China  Lake  and  are  listed  in  Table  1. 

The  Huggin's  Scanning  system  produces  an  array  of  outputs  corresponding  to 
the  outputs  from  an  antenna  array.  The  outputs  of  the  Huggin's  system  have  a 
simple  controllable  progressive  phase  shift  associated  with  them  that  is  the 
negative  of  the  progressive  phase  shift  produced  by  some  incoming  signal  at  the 
antenna  terminals.  Combining  these  two  signals  in  an  array  of  non-linear 
elements  can  yield  an  array  of  outputs  proportional  to  the  antenna  signals  but 
whose  phases  are  all  the  same.  This  array  of  signals  can  then  be  summed  into 
one  signal  in  a corporate  combiner  and  operated  on  by  normal  receiving  techniques. 
Incoming  signals  to  a radiometer  antenna  arrive  from  all  angles  but  each  direction 
has  a uniquely  defined  progressive  phase  across  the  aperature.  It  is  thus  the 
function  of  Huggin's  array  control  to  determine  which  incoming  angle  is  coherently 
combined  at  the  output.  The  control  is  a variable  frequency  that  can  be  made  as 
accurate  as  the  application  requires.  Variation  of  the  control  frequency  pro- 
duces the  electric  scanning  of  space  required  by  the  radiometer. 

The  array  of  non-linear  elements  replace  the  diode  or  ferrite  phase  shifters 
commonly  used  in  electronically  steered  antennas  and  perform  much  the  same 
function.  Figure  1 is  an  artist's  conception  of  the  antenna.  The  possible 
advantage  to  the  radiometer  is  one  of  system  noise.  The  non-linear  elements 
are  capable  of  performing  their  function  with  the  addition  of  a minimum  of  excess 
noise.  In  certain  modes  they  can  add  gain  to  the  signals  and  thereby  decrease 
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the  effect  of  noise  added  by  succeeding  stages.  Gain  comes  with  the  price  of 
instability.  Because  the  beam  width  of  Table  1 (<0.8°)  will  require  in  excess 
of  one  hundred  elements,  stability  and  low  noise  were  emphasized  over  gain.  The 
upper-sideband  up-converter  (USUC),  a stable  positive  resistance  mode  of  a 
varactor  diode  was  chosen  for  the  application.  The  analysis,  compromises,  and 
constraints  result  in  a circuit  that  has  an  effective  input  noise  temperature  of 
106°K  with  a gain  of  0.97.  It  has  been  suggested  that  a negative  resistance 
device  with  a modest  gain  of  6dB  could  be  made  stable  and  would  improve  the 
overall  system  performance.  While  this  may  be  true,  the  absence  of  experience 
in  building  such  an  array  has  lead  to  the  more  conservative  approach. 

Of  all  of  the  specifications  in  Table  1,  a bandwidth  of  >600MHz  appeared 
to  be  the  most  difficult  to  meet.  The  array  antenna,  steered  by  2 r modular 
phase  shift,  is  a limiting  factor  to  the  bandwidth  achieveable.  Much  of  our 
early  work  was  directed  toward  solving  this  problem  and  several  schemes  appeared 
to  show  promise.  Time  limitations  dictated  that  the  emphasis  be  placed  on  the 
characteristics  of  the  non-linear  varactors. 

It  was  assumed  that  the  radiometer  is  to  be  scanned  in  one  direction  and  that 
formation  of  the  beam  in  the  non-scanned  direction  would  be  done  with  a parabola. 
Regardless  of  how  this  is  to  be  accomplished,  this  report  considers  that  there 
will  be  some  n output  ports  available  from  a linear  array  that  are  to  be 
electronically  scanned. 
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Table  1 

RADIOMETER  DESIRED  PERFORMANCE 


ARRAY 

Size 

Beam  Angle  from  Broadside 

Type 

Builder 

MAXIMUM  SCAN  SPEED 
SCAN  ANGLE 

SYSTEM  BANDWIDTH  (3  dB) 

GAIN 

BEAM  SPREAD  TO  EDGE  OF  SCAN 
SYSTEM  NOISE  FIGURE 

With  Radiometric  Amplifier  (2.5  dB) 

For  Scan  System  Only 

SYSTEM  LOSS  (Include  dissipation  and  VSWR's) 

EFFICIENCY  (Amount  of  energy  reaching  detector 
compared  to  standard  antenna) 

SIDELOBE  LEVELS 

First  Sidelobe 
Average  Sidelobe 

BEAMWIDTH 

Dimensions 

Weight 

POWER 

NP  - No  Preference 


36"  x 36" 

0 

NP 

NP 

60/Sec 
> 100° 

> 600  MHz 

> 70dB 
< 2:1 

< 6 dB 

< 1 dB 

< 2 dB 

> 70% 

< -22  dB 

< -30  dB 

< 0.8° 

36"  x 36"  x 4" 

< 75  lbs. 

< 200  W 


7 

lJ 


4 


NSWC/WOL/TR  77-33 


II.  UPPER  SIDEBAND  UP-CONVERTER 

The  building  block  of  the  array  scanner  is  a varactor  diode  operating  as  a 
nonlinear  capacitor  in  the  upper  sideband  up-converter  mode.  It  has  as  its 
inputs,  the  signal  from  the  antenna  port  (fj)  and  a pump  signal  (f2)  purposefully 
inserted  to  vary  or  pump  the  nonlinear  capacitance.  Because  of  the  nonlinearity 
these  signals  will,  in  general,  generate  a set  of  frequencies  equal  to  mfj  + nf2, 
where  m and  n are  integers.  In  an  ideal  case  the  power  flow  at  the  various 
frequencies  is  governed  by  the  Manley-Rowe  equations  written  as 

mPmn 

= o (1) 

mfj  + nf2 


nPmn 

= o (2) 

mfj  + nf2 


By  assuming  circuit  conditions  such  that  power  can  flow  only  at  frequencies 
fj,  f2,  and  f3  where  f2  + f2  = f3  (the  upper  sideband  up-converter  mode)  the 
above  equations  reduce  to 


1 fi 


1 P]  : 
2 

lfj  + lf2 


(la) 
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r2  r 3 

= — + — = 0 


If,  + If, 


From  equation  2a  it  can  be  seen  that  when  the  pump  power  P2  is  applied 

to  the  diode  ( i.e.  P2  is  positive),  then  P3  is  negative.  P3  is  supplied  by 

the  diode  at  frequency  f3.  A negative  P3  in  equation  la  is  also  consistent 

with  a positive  Pj  (the  antenna  signal)  and  therefore  both  inputs  have  positive 

resistance.  The  device  is  stable,  the  main  reason  for  choosing  this  mode. 

The  maximum  available  power  gain  is  given  by  equation  la  as 

Pi 

f3^  where  f3  > f3.  Because  the  signal  frequency  f3  is  35GHz,  the  gain 
will  be  limited  by  not  allowing  f3  to  exceed  practical  circuit  capabilities. 

Thermal  noise  is  introduced  via  the  series  resistance  of  the  varactor  diode. 
Following  the  analysis  of  Penfield  & Rafuse,  the  expression  for  the  optimized 
noise  temperature  is  given  by. 


Ta  = Td 


l 2fi  r fi 

( m,f  mif 

- c ^ 1 c 


+ _ 1 + 


Ta  = effective  diode  noise  temperature 
Td  = diode  junction  temperature 
fj  = 35GHz 

f = diode  cutoff  frequency 
mj  = pumping  parameter 


k 


i 

' 

. 

' 
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This  equation  is  independent  of  the  pump  frequency  f2  and  the  output 
frequency  f3.  It  can  tnerefore  be  used  to  determine  the  proper  varactor  diode 
and  the  method  of  pumping  which  are  incorporated  in  the  term  mjf. . Since 
ni'f  is  in  the  denominator  it  should  be  maximized  to  reduce  the  apparent  noise 
temperature.  It  also  turns  out  that  a maximum  mjfc  will  reduce  the  diode 
junction  temperature.  The  parameter  mi  can  have  a value  of  0.25  if  we  choose 
an  abrupt  junction  varactor  and  pump  it  with  a sinusoidal  current.  The  cutoff 
frequency  f of  the  diode  is  a function  of  the  junction  capacitance  and  the 
series  resistance.  Picking  an  expitaxial  GaAs  varactor,  a value  of  fc  = SOOGHz 
is  possible. 

The  gain  of  the  up-converter  is  given  as 


( mifc  V ' 

1 + 

\ fi  7 J 

which  from  previous  constraints  reduces  to 


6.51 


Choosing  f3-«*>  results  in  a maximum  gain  of  6.8dB  cor  this  case.  However, 
choosing  the  output  frequency  f3  also  specifies  the  pump  frequency  f-  since 

f l + f 2 = f 3 • 


LL 
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The  choice  of  values  for  f2  or  f3  must  be  based  on  other  considerations 
than  gain.  The  pump  frequency  f2  is  related  to  the  power  required  to  pump 
the  varactor  diode.  For  a fully  pumped  (sinusoidal  current)  abrupt  junction 
varactor  the  power  required  is 


P (watts)  £ 12.5 


(5) 


Equation  5 indicates  that  as  f2  increases  the  required  pump  power  will  increase. 
An  increase  in  pump  power  will  produce  an  increase  in  the  junction  temperature 
which  from  Equation  3 will  increase  the  noise  temperature.  It  will  also 
decrease  the  diode  life  (MTBF).  In  general  the  low  pump  frequencies  are 
advantageous  except  for  gain.  One  more  constraint  on  the  choice  of  pump 
frequency  is  the  circuit.  Earlier  it  was  assumed  that  power  flows  through 
the  varactor  at  f : , f2  & f3.  No  harmonics  or  subharmonics  are  allowed. 

For  the  required  bandwidth,  the  separation  of  allowable  frequency  bands  by 
simple  low  loss  filter  circuits  must  be  physically  wide  or  some  overlap  is 
bound  to  occur.  Figure  2 depicts  some  of  the  possible  channels  in  which 
currents  might  flow.  Although  there  are  other  possibilities,  the  pump  frequency 
was  chosen  as  f2  = 14GHz.  From  Figure  2 it  can  be  seen  that  this  choice  will 
facilitate  circuit  construction  by  allowing  reasonable  band  separations. 

Choosing  f2  automatically  fixes  the  output  frequency  f3  = 49GHz.  The  effective 
noise  temperature  Ta  (Equation  3),  the  gain  G (Equation  4a)  and  the  pump  power 
(Equation  5)  can  now  be  calculated  and  for  this  case  are  tabulated  in  Table  2. 
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TABLE  2 

UPPERSI DEBAND  UPCONVERTER  PERFORMANCE 

Ta  - Td  x 0.36  = 106°K  where  Td  = 292°K 
G = 0.97  = 0. 1 3dB  loss 
= 3mW 

To  justify  taking  the  diode  junction  temperature  as  292°K,  the  assumption 
is  that  this  diode  operates  similarly  to  others.  It  has  been  shown  that  a 7um 
GaAs  Schottky  Barrier  diode  will  have  a temperature  rise  given  by 

AT,  * 540  P,  = 2°K  (6) 

J t2 

The  corresponding  MTBF  for  a p+  n-GaAs  varactor  is  given  by 

5 

MTBF  -v  7. 7x1  O'7  exp  -l-J-felQ..  * 107  years  (7) 

J 

Pump  power  required  for  the  total  array  at  3mW/stage  is  less  than  1 watt 
for  an  array  of  approximately  128  stages.  An  additional  bias  of  2 volts  D.C. 
will  be  required  on  the  varactors.  This  then  is  the  basic  building  block  of 
the  array. 
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III.  THE  RECEIVER  NOISE  TEMPERATURE 

With  the  USUC  specified,  the  effective  noise  temperature  from  the  antenna 
terminals  to  the  IF  will  be  estimated.  Figure  3 is  the  block  diagram  of  this 
portion  of  the  radiometer.  The  low  noise  amplifier  is  inserted  after  the 
power  combiner  to  mask  the  noise  of  the  down  converter  and  the  IF.  Here  only 
one  amplifier  is  needed  and  the  luxury  of  a somewhat  unstable  negative 
resistance  high  gain  amplifier  can  be  utilized.  The  numbers  assigned  are 
somewhat  arbitrary  but  hopefully  reasonable. 

The  corporate  combiner  is  considered  to  have  1.5dB  loss  (Gcc  = 0.71) 
and  by  assuming  an  ambient  temperature  of  290°K  will  have  an  effective 
temperature  of 

Tecc  _ Tamb__(j_-Gcc)  = 290  .D_- •..?])  = 118oK  (8) 

Gcc  .71 

An  uncooled  paramp  with  a down  converter  is  assumed  to  have  a noise  figure 
of  3dB(2)  and  a gain  of  lOdB  = 10). 

TepADC  = To  (F-l ) = 290  (2-1  ) = 290°K  (9) 

The  IF  amplifier  has  a noise  figure  of  2.5dB  (1.78) 

I * 

,vTeIF  = To  (F-l)  = 290  (1.79-1  ) = 226°K  (10) 

The  cascade  noise  temperature  of  Figure  3 can  now  be  calculated  as 
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Tn  = Tauc 


, Tecc 
Guc 


+ Tepadc 
Guc  Gcc 


+ 


Tei  f 

GucGccGpadc 


= 106  + 


118 

0.97 


290 

. 97  x . 7 1 


+ 


226 

•97x. 71x10 


= 106  + 122  + 421  + 33  = 


= 682  °K 


(ID 


1 


i 

. 


The  noise  figure  referred  to  the  input  terminals  of  the  up-converter  is 


F = 


Tn 

To 


+ 1 


682 

290 


+ 1 


3.35  or  5. 25dB. 


(12) 


From  the  above  equations  it  can  be  seen  that  a simple  gain  of  2 in  the 
upper  sideband  up-converter  instead  of  Guc  = 0.97  would  have  reduced  the  noise 
figure  to  4.2dB.  A further  reduction  of  the  paramp  down  converter  noise  figure 
to  2dB  would  then  yield  a 3 . 1 dB  noise  figure  at  the  input  terminals.  Many  such 
speculations  have  been  considered  and  discarded  because  they  were  considered  not 
feasible  at  the  present  time. 


l 
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IV.  A SIMPLE  SCANNING  ARRAY 

In  Figure  1 the  purpose  of  the  Huggin's  array  is  to  provide  pump  power  to 
the  up-converters  with  a controllable  phase  difference  between  adjacent  terminals. 
The  easiest  way  to  accomplish  this  function  is  with  the  use  of  a tapped  delay  line 
shown  in  Figure  4.  The  delayline  is  arranged  so  that  at  some  frequency  f2  each 
output  port  is  exactly  2mr  delayed  in  phase  from  the  preceeding  port.  At  f2 
the  ports  are  then  effectively  at  the  same  phase.  As  the  frequency  f2  is 
increased  or  decreased  the  wavelength  on  the  line  will  decrease  or  increase  and 
a progressive  phase  shift  will  occur  between  the  ports  at  this  new  frequency. 

The  major  drawback  to  this  approach  is  that  the  instantaneous  bandwidth  is 
limited  if  a narrow  beamwidth  is  required.  There  is  also  an  aperature  effect 
that  puts  a restriction  on  the  bandwidth  which  for  scanning  from  broadside  in 
one  direction  tends  to  cancel  the  limitation  of  bandwidth  caused  by  frequency 
scanning.  This  apparent  cancellation  was  investigated  in  an  effort  to  obtain 
the  required  >600MHz  instantaneous  bandwidth  but  no  definite  conclusions  were 
made. 

Figure  5 shows  how  a series  delay  line  frequency  scanner  could  be  implemented 
to  produce  a constant  IF  channel  frequency. 
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FIG.  5 SERIES  FREQUENCY  SCANNER  PRODUCING  CONSTANT  I.F.  CHANNEL 
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V.  THE  HUGGIN'S  SCANNING  ARRAY  l] 

The  Huggin's  scanning  system  is  based  on  the  series  delay  line  scanner  but 
has  the  advantage  having  a constant  output  frequency  f2  through  all  scan  angles. 

Figure  6 is  a schematic  of  the  Huggin's  scanner.  Details  of  the  math  are  in 
Appendix  A.  The  important  result  is  that  by  changing  the  input  frequency  f 
the  relative  phase  difference  between  output  ports  can  be  varied  without 
changing  the  output  frequency.  If  it  is  desired  to  change  the  output  frequency, 
this  can  be  done  by  changing  fx  independent  of  fy.  The  output  frequency  f2, 
at  all  ports,  is  always  2fx.  Two  such  systems  have  been  constructed  at  NSWC/WOL 
with  predictable  results.  If  this  scanner  were  to  be  implemented  in  the  array 
as  shown  in  Figure  1 the  instantaneous  bandwidth  of  the  system  would  be  limited 
by  the  "aperature  effect."  That  is,  since  the  antenna  size  is  fixed  and  for  a 
given  beam  angle  the  phase  difference  is  fixed,  a change  in  frequency  off  center 
frequency  (instantaneous  bandwidth)  will  cause  the  beam  to  move  in  space. 

i { 

The  result  in  numerical  terms  is,  when  the  beam  scans  to  60° 

Instantaneous  Bandwidth  (%)  = Beamwidth  (degrees)  (13) 

Af 

— 100  = 0 (3dB)  (13a) 

fo  0 

As  a radiometer,  the  instantaneous  bandwidth  must  be  limited  to  keep  the  beamwidth 

within  its  desired  size.  From  Table  1 Af  is  calculated  to  be  < 280MHz  which  is  i 

insufficient. 

Suppose  now  that  one  sweep  of  a given  terrain  is  made  with  the  Huggin's 
array  and  this  information  is  stored.  Then  a second  sweep  is  made  with  the 
array  of  the  exact  same  terrain  but  this  time  the  freq  f2  is  shifted  by  280MHz. 
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If  this  information  is  then  added  to  the  stored  information  the  effective 
bandwidtn  will  now  be  2x280  = 560  MHz.  Here  bandwidth  is  traded  for  time  which 
will  not  improve  the  sensitivity  of  a radiometer  since  (r.f.  bandwidth  x integration 
time)  if  a factor  in  the  sensitivity. 

However,  suppose  f2  could  be  simul taneously  two  frequencies  each  with  their 
own  proper  differential  phase  shift  to  be  looking  at  the  same  cell  on  the  ground. 
Then  the  integration  time  could  be  left  at  its  maximum  permissible  value  and  the 
r.f.  bandwidth  could  be  increased.  It  is  similar  to  stagger  tuning  an  interstage 
coupler.  With  the  Huggin's  scanner  this  is  easily  accomplished  by  duplicating  in 
parallel  everything  below  the  points  AA'  in  Figure  6.  The  low  noise  amplifier, 
where  the  instantaneous  bandwidth  is  limited,  must  also  be  duplicated  in  parallel 
to  accept  the  second  band  of  frequencies.  The  extension  of  this  concept  to  three 
or  more  frequencies  is  straight  forward.  Three  frequencies  are  more  than 
adequate  to  satisfy  the  > 600  MHz  bandwidth  requirement  of  Table  1. 

One  other  feature  of  a planar  scanned  phased  array  antenna  that  is  bothersome 
to  systems  designers  is  that  the  beam  broadens  as  it  scans  away  from  broadside. 

For  an  aperture  large  compared  to  wavelength  and  a scan  angle  from  broadside 
©o  < 60°  an  approximate  expression  for  beamwidth  is 


■■3dB  (Scanned  to  0Q)  = 


0 


3dB  (measured  at  broadside) 
Cos  0. 


(14) 


The  Huggin's  array  can  be  arranged  so  that  the  beamwidth  will  remain  constant 
through  all  angles.  Viewing  the  problem  backwards,  it  could  be  said  that  the 
beam  tends  to  narrow  as  it  approaches  broadside.  That  being  the  case,  the 
problem  then  is  to  broaden  the  beam  electronically.  The  control  frequency  fy 
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of  the  Huggin's  scanner  determines  the  position  of  the  beam  in  space.  If  fy  is 
composed  of  two  frequencies,  fy!  and  fy2,  there  will  then  be  two  simultaneous 
beams  defined  in  space.  When  fyj  and  fy2  are  closely  spaced  in  frequency,  the 
beams  will  overlap  and  appear  to  be  one  broadened  beam  in  space.  As  the 
frequencies  are  made  to  converge  to  fy,  the  beam  will  narrow  to  the  width 
defined  by  the  aperture.  By  controlling  the  convergence  of  fyj  and  fy2  to 
be  a function  of  CoseQ,  the  array  effect  of  Equation  14  can  be  cancelled  and  the 
beam  size  remains  constant  over  all  scan  angles.  Again  the  extension  to  more  than 
two  frequencies  (fyl5  fy2,  fy3  ...)  is  straight  forward.  The  control  of  the 
beamwidth  by  f2  has  the  same  action  as  a zoom  lens  camera.  Utilizing  this 
procedure  requires  an  increase  in  array  size  to  produce  a given  beamwidth  at 
broadside. 
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VI.  DISCUSSION 

In  a radiometer  application  the  Huggin's  array  utilized  as  the  pump  for  an 
array  of  unconverters  has  some  definite  advantages.  The  low  noise  capability  of 
the  upconverters  in  a system  has  been  calculated  and  the  flexible  control  of  the 
Huggin's  array  as  the  pump  has  been  demonstrated.  Modifications  of  the  two 
simple  frequency  controls  lead  to  an  increase  in  signal  bandwidth  and  beam  shape 
control . 

The  outstanding  question  is,  can  these  numbers  be  reproduced  in  hardware 
performance  at  35  GHz  and  at  an  affordable  price.  The  Huggin's  array  has  a 
maximum  frequency  of  14GHz  at  its  output  but  most  of  its  signals  are  below  half 
this  value.  Since  transmission  losses  in  this  region  are  reasonably  low  no 
special  difficulties  are  apparent.  The  upconverters  operate  at  a maximum 
freq  of  49GHz  where  line  losses  are  very  serious,  especially  for  low  noise 
circuits.  It  is  therefore  suggested  that  the  upconverters  performance  in 
practice  be  demonstrated  as  a next  step.  From  there  a more  realistic  performance 
and  price  could  be  determined. 
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VII.  APPENDIX  A 

Referring  to  Figure  6 the  input  frequency  fx  and  fy  can  be  written  as 


fx  = X Sin  Uxt  + 4>x) 

(15) 

fy  = Y Sin  (cuyt  + $y) 

(16) 

These  frequencies  are  mixed  to  form  the  sum  (z)  and  (a)  which  are  separated 
and  directed  to  travel  opposite  directions  on  the  delay  line.  The  sum  and 
difference  signals  can  be  written  as 


Z = A Sin 

( CO  + ID  )t  + d>  +6 

V x y/  +x  vy 

(17) 

A = B Sin 

( co  - to  ) t + d>  -6 

v x y;  vx  vy 

(18) 

The  power  couplers  for  the  sum  channel  are  assumed  to  couple  only  signals 
traveling  in  the  sum  direction  and  are  placed  symmetrically  along  the  delay  line. 
The  same  is  true  of  the  difference  couplers.  At  any  two  arbitrary  and  neigh- 
boring sets  of  couplers  labeled  n and  n+1  the  sum  channel  can  be  written  as 

Coupler  n zn  = A'Sin  (w  + w )t  + <t>  (19) 

X Jr  n 

Coupler  n+1  Zn+1  = A"  Sin  (ux  + oiy)t  + <j>n  + 4>„  (20) 


where  is  the  phase  change  resulting  from  the  delay  path  (d)  between 
the  couplers  and  is  given  by 


<i> 


z 


d 

v 


u 


V 


(21) 
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Assuming  that  the  difference  channel  A travels  the  delay  line  with  the 
same  velocity  as  the  sum  channel  but  in  the  opposite  direction  then  at  the 
couplers  it  can  be  written  as 


-n+1 


= B 1 Sin  (t 


- “yH 


+ <*>'. 


(22) 


= B"  Sin  (ujx  - oiy)t  + 4>'n  + <f>A  (23) 

where  <J>.  = — (w  - u ) (24) 

VA  v ' x y 

l 

Since  the  paths  that  each  signal  follows  from  the  couplers  to  the 
upconverters  is  symmetrical  the  foregoing  expressions  can  be  utilized  as  the 
inputs  to  the  up-converters.  The  up-converters  act  as  a non-linear  mixers  where 
the  sum  frequencies  of  their  respective  inputs  are  separated  as  outputs.  The 
outputs  n and  n+1  can  be  written  as. 


Output  n = C Sin 


’ (o 


V1 


+ (g 


- WyH 


+ 


= c Sin  [ 2wxt  + *n  + (f»'n  + j (25) 

Output  n+1  = C'  Sin  (o  + cu  )t  + <i>  + <pv  + (w  - w )t  + <t>' 

LX  j n u x y n 

= C'  Sin  2a>xt  + ln  + t>'  n + (26) 


26 


NSWC/WOL/TR  77-33 


The  amplitudes  C&C'  can  be  adjusted  to  be  equal,  independently  of 
frequency  and  phase.  Both  outputs  n and  n+1  have  th»  frequency  f2  = 2fx  and 
thus  fx  is  the  frequency  control.  The  difference  in  phase  between  the  two 
adjacent  ports  can  be  seen  to  be 

\ - h - *4  * 7 2“y  - ¥ <27> 

The  frequency  control  of  fy  is  therefore  the  beam  steering  control  of  the 

array. 
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